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Fic. 6. eU contour map of an area of radiometric anomalies
in Cretaceous rocks of southern Saudi Arabia. Contour in-
terval 0.2 and 1.0 ppm el. Fiight line number, location, fi-
ducial tick and number, e.g., 24 860, 4 000. Letters indicate
locations discussed in text. Heavy dashed line is boundary
of aerial survey.

Anomalies C and C’ are in the Cambro-Ordovician Wajid
sandstone and are associated with ferruginous horizons in quartz-
arenite of the Ilman member. These horizons are iron-cemented
sandstone, conglomeratic sandstone, siltstone, and mudstone
beds, which are probably the sources of the anomalies of Figure
4, although not all anomalies were visited during this investiga-
tion. Anomalies seemingly coincident for all three radioelements
also occur in Wajid rocks. These anomalies are labeled D on
Figures 4 and 5 where eU (Figure 4) is 2.0 to >5.0 ppm in a
background of 1.5 to 2.0 ppm, eTh (Figure 5) is 7 to >13 ppm
in a background of 4 to 6 ppm, and K (not shown) is 0.5 to 1.5
percent K in a background of 0.1 to 0.5 percent. Ground inves-
tigations show that anomaly D, seemingly coincident for all ra-
dioelements measured by the airborne survey, actually results
from near superposition of adjacent stratigraphic horizons in
nearly horizontal strata, also in the Ilman member of the Wajid
sandstone. The anomalous eTh appears to be from a horizon of
thorium-bearing heavy minerals, the anomalous K is evidently
from several horizons of potassic feldspar or potassic mica, and
the anomalous eU is from several ferruginous horizons. Ground
measurments in the area of D included local highs of about 10
ppm €U, 40 ppm eTh, and 1.0 to >2.0 percent K.

Anomalies in Cretaceous rocks are wholly eU (Figure 6).
Anomaly E is in the outcrop of the Lower Cretaceous Biyadh
sandstone and anomaly F is in the outcrop of the Middle Creta-
ceous Wasia formation. Anomaly E (Figure 6) is 2.0 to >4.0
ppm eU in a background of 1.4 to 2.0 ppm, and has a slight
correspondence with eTh and K contours (neither shown). For
the area of E, eTh is about 2 to S ppm eTh and K is about 0.3
to 0.8 percent K. Anomaly F (Figure 6) is 2.0 to >5.0 ppm eU
in a background of 1.4 to 2.0 ppm. It has no expression in the
eTh or K data (not shown). For the area of anomaly F, €Th is
about 3 to 5 ppm and K is about 0.3 to 0.5 percent. Local ground
highs were about 25 ppm ¢U in the area of anomaly E and about
30 ppm eU in the area of anomaly F. The eU anomalies are
associated with ferruginous horizons in sandstone and conglom-
eratic sandstone, similar to the Wajid anomalies.

The presence of uraniferous ironstone in rocks of Paleozoic
and Mesozoic age, as indicated by aerial and ground eU mea-
surements, is a phenomenon not readily explained. A reasonable

hypothesis is coeval mineralization by ground waters moving
through the continental detrital rocks sometime after the latest
Cretaceous. This hypothesis suggests the possibility of uranium
mineralization downdip in the Phanerozoic section because of the
availability of soluble and mobile uranium in the geologic past.

Work in progress

Sampling for radioactivity, mineralogic, and geochemical
analyses was conducted in the areas of ground investigations. We
are currently analyzing these data and extrapolating more detail
of the characteristics and sources of the aerial radioactivity anom-
alies.

References

Matzko, J. JI., Flanigan, V. J., Mawad, Mustafa, Al Kollak, Ziad,
Naqvi, M. L., and Helaby, A. M., 1978, Radioactive anomaly and
mineralogy of the lower part of the Tabuk Formation, Al Qassim area,
Kingdom of Saudi Arabia: U.S. Geol. Surv. Saudi Arabia Project rep.
220, 22 p.

Merghelani, Habib, Kane, M. F., Cowan, D. R., and Pitkin, J. A.,
1985, Regional aeromagnetic and aeroradiometric investigations of the
cover-rock region, Saudi Arabia: Presented at the 55th Annual SEG
Meeting, Washington, DC.

Pitkin, J. A., and Huffman, A. C., Jr., 1986, Geophysical and geological
investigations of aerial radiometric anomalies in the Tabuk Formation
of northwestern Saudi Arabia: A preliminary report: U.S. Geol. Surv.
Saudi Arabian Mission Open-file rep. OF-05-10, 20 p.

in press, Geophysical and geological investigations of aerial ra-

diometric anomalies in the Phanerozoic cover rocks of southem Saudi

Arabia: A preliminary report: U.S. Geol. Surv. Saudi Arabian Mission

Open-file rep., 23 p.

Time-Domain Response of a Thin MIN 1.7

Plate Beneath Overburden

David C. Bartel and A. Becker, University of California,
Berkeley

Numerical modeling of the time-domain response of a thin
sheet target beneath a thin conductive overburden for the hori-
zontal coaxial dipole configuration shows that the magnetic field
response of the target must first build up, then decay. The time
interval when the target response exceeds the overburden re-
sponse defines a window of target detectability. A contrast of at
least 5 between the target conductance and the conductance of
the overburden is necessary for detection. This contrast may in-
crease depending on many factors, including target depth, target
size, and height-to-dipole separation (h/l) ratio. The overburden
response is sensitive to the A/l ratio, and target detection capabil-
ity is diminished as the #/! ratio is lessened. The resistivity of the
host rock containing the target does not seem to have a large
effect on target detection. The use of a finite length current pulse
will affect the response, particularly at early times, and may lead
to a deterioration in the ability to detect the target. Most electro-
magnetic (EM) exploration systems measure the voltage induced
in the receiver coil, and thus relatively amplify the overburden
response at early times. The window of target detectability can
be predicted, allowing an explorationist to adjust his survey pa-
rameters accordingly.

Introduction

Time-domain EM exploration involves the measurement of
transient magnetic fields after current turn-off in the transmiter.
Our modeling study is for the magnetic field step response of a
thin plate target in a two-layer earth. The EM system consists of
two horizontal coaxial dipoles. While it is known that conductive
overburden delays and attenuates the response of a conductive
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target beneath it (Spies, 1980), the exact mechanism has not been
studied well. Previous work in the frequency- and time-domains
on the response of layered spheres shows that at high frequencies
or at early times, the response is controlled by the outer layer,
and that at low frequencies or at late times, the outer layer be-
comes invisible, and only the inner core response is detectable
(Fuller, 1971; Nabighian, 1971). For a target beneath overbur-
den, one would expect that only the overburden is visible at early
times; and at late times, the target would be detectable. However,
the overburden response will again dominate over the target re-
sponse at some late time. This occurs because the target response
decays exponentially with time, while the overburden response
decays as an inverse power of time. This window of target de-
tectability in the time-domain has been observed in field cases
such as for the Elura orebody (Spies, 1980).

Modeling programs

Our approach to the problem is to assume a vertical thin sheet
target beneath a conductive overburden. The magnetic field re-
sponse to this model earth, using horizontal coaxial transmitter
and receiver dipoles, was calculated using program SHEET.
Originally, this program was developed only for frequency-do-
main calculations (Weidelt, 1981). It calculates separately the
layered earth response (overburden + host) and the target re-
sponse with proper consideration of its location under the over-
burden and in the host rock. Recently, use of the program was
extended to the time-domain by augmenting the program with a
fast Fourier transform subroutine. This allowed us to obtain the
step response for the target. We found it simpler, however, to
obtain the layered earth response by assuming an infinite, thin,
overburden sheet and a very resistive host rock. The secondary
magnetic field due to the overburden is given by (Grant and
West, 1965, p. 498):
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The height of the transmitting and receiving dipoles above the
thin sheet is /4, and the separation is /. The dipole strength of the
transmitter is m, po 1s the magnetic permeability of free-space,
and o is the conductance of the thin sheet.

Model geometry

Figure 1 shows the system configuration and model parameters
for this study. The standard target model is a vertical thin sheet
of conductance @,s,, 300 m by 300 m, at some depth (D) beneath
the surface. The overburden is a thin sheet of conductance sy,
and the host rock resistivity is 10 000 {}-m. The transmitter and
receiver dipoles are maintained at .50 m above the overburden
sheet. Profiles were run over the center of the target.

Modeling resuits

Normalization. The results of any modeling study, numerical
or analog, can be most succinctly presented by making use of the
EM scaling relationships (Spies, 1980). In our case, we chose
the independent length variable to be the height of the coaxial
dipole system above the overburden. All other distances (e.g.,
dipole separation) are normalized to this measure. We chose the
conductance contrast between the target and overburden as the
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Fic. 1. Model geometry cross-section.

other free variable. With these choices, we can present the results
as a function of normalized time using the overburden conduct-
ance for the normalization to get
t
T = .
' HoT 1514

()

Alternatively, we can use the target conductance for the normal-
ization to get

t
= 8 4
’ PoO282h @

Equation (3) is satisfactory for most purposes. If, however, we
wish to study the effect of a variable overburden on the target
responses, it is more convenient to normalize the time scale by
the target conductance [equation (4)]. The amplitudes were nor-
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Fig. 2. SHEET versus free-space models; h/f= 50, h= 50
m, O = 30 m, W=300 m, dipoles straddiing target.
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malized by the free-space primary magnetic field at the receiver
dipole.

Influence of overburden on target response. It is known that
the secondary magnetic field of a target in free space reaches its
maximum value at the instant of primary field extinction. It then
decreases from this initial value so that at some late time, the
target response can be represented by an exponential decay
(Kaufman, 1978). When, however, a conducting overburden ex-
ists between the transmitter and target, the extinction of the pri-
mary field at the target is delayed by eddy currents induced in
the overburden. Consequently, the target response is also de-
layed. It first builds up slowly from zero to some maximum
value, and then decays in a manner similar to its free-space re-
sponse. The early-time magnetic field buildup is illustrated in
Figure 2 for different o,5,/0,s; contrasts. The magnetic field is
smaller and takes longer to asymptote to the free-space (0,5,/045,
= o) value as the conductance contrast decreases. The early-
stage (small 1,) magnetic field increase appears to be proportional
to £*°. High contrast models quickly asymptote to the free-space
response. The target responses beneath an overburden slightly
exceed those in free space at some T, values because of galvanic
enhancement.

Target detection. If we consider the target response as signal
and the overburden response as noise, then for target detection,
the signal-to-noise ratio (S/N) must at least equal unity. Thus the
quantities of interest are 7., the value of 1, at which the S/N
first reaches unity, and T, which denotes the time where the
overburden response once again dominates. Figure 3 presents the
numerical modeling results for #/!=150 and D= 30 m, where the
conductance contrast between the target and overburden is var-
ied. From Figure 3, it can be seen that the target conductance
must be at least 7 times larger than the overburden conductance
if the target is to be detected. The S/N may also be considered a
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Fic. 3. Target and overburden responses for h/i=50 and
D=30 m; h=50 m, W=_300 m, dipoles straddling target.

SNR

} ] ]
3 5 |0°

FiG. 4. S/N versus T, for h//=50 and D=30 m; curves are
for various o,8,/a+$; contrasts, h=>50 m, W=2300 m, dipoles
straddling target.

function of time and conductivity contrast (Figure 4). The con-
ductance contrast is the main influence on the maximum observ-
able S/N. On the other hand, the S/N at low 7, values is largely
independent of the target-overburden conductance ratio.

Effect of system geometry. Both the overburden and target
responses change with the A/l ratio. In the limits, we may con-
sider A/l~c when the transmitting and receiving dipoles are es-
sentially coincident, and h//=0 when the dipoles are far apart
and/or on the surface. Changes in the #// ratio mainly affect the
overburden response. The ability to distinguish a conductive tar-
get beneath overburden also varies with the A/l ratio. The value
of Ty, appears to be basically unaffected by the A/l rutio. how-
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ever, significant changes in 7., occur when the A/ ratio is equal
to or less than one. For an A/l ratio change of 50 to 0.5; the value
of the maximum S/N decreases by approximately a factor of 2.

Effect of pulse length. The effect of a finite length current
pulse can be studied if we assume that the secondary field caused
by the current turn-on is equal, but opposite, that of the current
turn-off. We further assume that the target response has an ex-
ponential decay (e ™) and that the overburden response decays
according to a power law (1 "). Thus, the observed S/N will be
modified when using a finite current pulse as follows:

_ax

l —
2 —v S/N original» (5)

where the pulse length equals A. For targets beneath conductive
overburden, equation (5) can be expected to hold after the target
response peaks. The modification predicted by equation (5) will,
in most cases, lead to a reduction in the S/N.

SIN nodified =

Voltage measurements. Most EM field systems measure the
voltage induced in a receiver coil rather than the detected mag-
netic field. Because the observed voltage response is proportional
to the time derivative of the magnetic field, the response of a
target beneath overburden will show a change in sign as the sec-
ondary field first grows and then decays. If we again assume an
exponential decay for the target response and a power law decay
for the overburden, then the late-time change in the S/N for a
voltage detector is:

T

The early-stage voltage response of a target beneath overburden
can certainly not be predicted by reference to a free-space model.
After the voltage response changes sign (magnetic field peaks),
however, a free-space model can reasonably predict the target
response. From equation (6), we see that in some circumstances
the voltage response may give a higher $/N than the original
magnetic field response.

S/N modified — |: :| S/N original. (6)

Conclusions

The case of target detection beneath conductive overburden in
time-domain EM has been studied for the horizontal coaxial di-
pole configuration. The main objective of this study was model-
ing of the target response with consideration of its location be-
neath the overburden. The anomalous magnetic field response of
the target must first build up, because of the screening effects of
the overburden, and then decay. The target response will exceed
the overburden response for a certain time window which de-
pends on many factors: target-overburden conductance contrast,
target depth, target size, and height-to-dipole separation ratio. An
enhancement of the target response, over the free-space predic-
tion, is seen with a finite resistivity host rock, but the host rock
resistivity was not found to be critical in determining target de-
tection capability. An EM system with a large #/{ ratio was found
to have the best target detection capability, which diminished as
the A/l ratio lessened. A finite length current pulse will generally
not enhance the S/N. Measurement of the voltage response,
rather than the magnetic field response, can yield a higher S/N at
certain late times.

While the particular system configuration studied is not widely
used, the conclusions should be applicable in other situations.
The effect of conductive overburden in time-domain EM is to

delay the time of detection of a conductive target beneath it. Thus
an explorationist can enhance his prospects of finding a buried
conductor by changing his survey parameters to ensure signal
detection in the appropriate time window.
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Effects of Vertical Contacts on MIN 1.8

Time-Domain Electromagnetic Sounding
M. J. Wilt and A. Becker, University of California, Berkeley

We investigated the anomalous effects of a vertical geologic
contact on transient electromagnetic sounding (TEM) measure-
ments. The magnetic field responses for this simple feature were
studied using a laboratory scale model assernbled at the Univer-
sity of California, Berkeley. Models were made for (1) a discon-
tinuous conductive surface layer (surface contact), and (2) a sur-
face contact with a deeper conductive layer present. These
models were studied using five TEM sounding configurations: (1)
central loop, (2) fixed-separated loops oriented perpendicular to
the contact, (3) fixed-separated loops parallel to the contact, (4)
fixed transmitter loop-variable offset receiver, and (5) electrical
dipole transmitter-variable offset receiver.

14 ms

Transmitter wavetorm Received waveform
HP
daskiop
compuler

Fraquency
synthesizer

VAVAY

oo
Coils mounted [©
on plastic sheet -
P Pre-amp Nicalet osciltoscope

Fic. 1. Scale model system.



